Abstract: This work was made aiming at studying the best model for the rheological properties of Cupuassu (Theobroma grandiflorum, Schum) pulps with 14 (in nature), 17, 19, 23 and 25°Brix of total soluble solids (TSS) which were measured at 20, 30, 40, 50 and 60°C temperature using a concentric cylinder rheometer. The results were adjusted to the following nine models: Ostwald-de-Waele (power law), Bingham, Casson, Generalized Casson, Heinz-Casson, Herschel-Bulkley, Mizrahi-Berk, Schulmann-HaroskeReher and Windhab. The parameters of the best model were correlated with pulp temperature and TSS by polynomial regression analysis and were kept in the regression equation only those parameters that contributed more than 1% to the variation of the independent variable. The results indicate that the rheological behavior of Cupuassu pulp in different concentrations and temperatures can be modeled by the Windhab model, although other models can be used in a narrower band of shear stress.
Introduction
Cupuassu (Theobroma grandiflorum, Schum) is a tropical fruit that has excellent characteristics of aroma, flavor and texture, having gained wide acceptance in Brazil and international markets, with great economic potential for industrialization [1] . Cupuassu plant is a native of tropical America, and it belongs to the family Sterculiaceae and the same genus as cocoa (Theobroma cacao). According to Carvalho et al. [2] , this species occupies the second place of gender in relation to the economic potential preceded the species T. cacao, and it represents an important source of income for the families of Amazonia.
Modeling, optimization and automation of food processes is generally difficult due to the complexity of the raw materials and product involved, which affect thermophysical properties [3] . In addition, some foods exhibit substantial changes in their rheological properties with temperature and water content during processing [3] .
Fruit suspensions consist of disintegrated cells and cell wall material dispersed in a serum composed of soluble components such as sugars, salts and acids [4] . However, Cupuassu presents a particular chemical composition, rich in fibers and lipids [1] , which can provide a different type of rheological behavior as compared to other fruit pulps. In addition, its high lipid content associated with a great number of insoluble particles can lead to a slip between the sample and the surface of the rheology measuring device, which can give rise to experimental artifacts. Apparent wall slip is a phenomenon often observed during the rheological measurements of particulate systems such as foams, emulsions, gels or suspensions, such as fruit pulps [5] .
Figura and Teixeira [6] overviewed many rheological model functions used to describe the various flow behavior curves on shear stress versus shear rate diagrams. There are a number of researchers who have investigated the time-dependent rheological behavior of fruit pulp [7] [8] [9] [10] . However, in general, the thixotropic characteristics of many foodstuffs are not so carefully studied in food processing. Modeling of the thixotropic behavior of food products has been based on empirical equations, such as the Weltman model [11] or based on rate concepts [12] [13] [14] to predict some form of exponential behavior when a constant shear rate is applied.
Time-dependent rheology of concentrated suspensions is covered in the literature by concise reviews of Mewis [15] , Barnes [16, 17] and Tabilo-Munizaga and Barbosa-Cánovas [18] . Rheological characterization is commonly based on shear stress versus shear rate ramps, which are used to characterize the shear-thinning nature of food stabilizer systems [19] . Shear viscosity-shear stress relationships are often applied to samples to characterize them in terms of yield stress behavior and solution viscosity in large deformation conditions [20] . The existence of yield stress in a material's flow indicates that there is a cross-linked or other interactive structure which must be broken down before flow can occur at an appreciable rate [21] . However, the choice of an appropriate model to relate product viscosity to total soluble solids (TSS) and shear rate depends essentially on the intended application and use of a suitable instrument to determine the model parameters [22] . Among the available models, Windhab one has the special characteristic that its parameters have physical meaning, allowing inferences about material structure [23] .
In this study, the rheological behavior of Cupuassu (T. grandiflorum) pulp in different concentrations and temperatures was studied and adjusted to nine rheological models, in order to establish the most appropriate model. Additionally, best model parameters were correlated with pulp temperature and TSS by polynomial regression.
Materials and methods
Ripe and fresh Cupuassu fruits were pulped in a horizontal depulper (rotation ¼ 540 rpm, sieve holes with 1.0-mm diameter). The pulp was packed in portions of about 600 g inside identified polyethylene bags and frozen (-18°C). One day before use, the packages were placed in the refrigerator to thaw.
Besides the "in nature" pulp, concentrated pulps with 14, 17, 19, 23 and 25°Brix of TSS were also analyzed. The pulps were concentrated using a rotary vacuum evaporator (pressure ¼ 660 Pa) at a temperature of 70°C after being pasteurized at 80°C/15 min.
The rheological measurements were performed on a rotational rheometer (model DVII þ Pro -Brookfield Engineering Laboratories, Inc., USA). Preliminary tests indicated that the readings could be done using a system of concentric cylinders, with spindle LV-3R. Pilot experiments indicated the time required for the initial equilibrium of the samples (40 s) and the range of shear stresses to be applied for each combination of temperature and concentration.
A thermostatic bath (TC-500 Brookfield Engineering Laboratories) with its output coupled to the water jacket of the rheometer cylinder was used to maintain the temperatures at 20.0, 25.0, 30.0, 40.0, 50.0, 60.0 and 70.0°C, with a precision of AE 0.01°C, during the rheological tests.
Each sample was kept at the desired temperature for 5 min to stabilize before starting the data collection with the rheometer.
Three cycles of readings were conducted in each repetition. Each test was done in three repetitions for each concentration and temperature studied. Figure 1 shows a flowchart describing the rheometer program.
Data collection was made increasing the spindle rotation from a level at which the shear stress was above 15% of the minimum rheometer reading to one less than 85% of maximum rheometer reading. The range of possible measurements was divided into at least 12 measuring points, and three measuring cycles were performed. Each test was made in three replicates for the concentration and the temperature under analysis.
The data were submitted to analysis of homogeneity of variances (Levene's test) and normality of error distribution (Kolmogorov-Smirnov test) which are assumptions of regression analysis. The tests were made using a program written in VBScript for Excel. Microcal Origin (Vrs.6.0) software was used to adjust the rheological data to the nine models presented in Table 1 .
The criteria used to select the model that best fits the data, were, sequentially: the coefficient of determination, R 2 , corrected for lack of adjustment (adjusted R 2 ), the χ The accuracy of correlations is tested by calculating the MBE, RMSE and t-test error. The MBE, RMSE and ttest are defined as follows:
In general, a low RMSE is desirable. The positive MBE shows overestimation while a negative MBE indicates underestimation. The t-statistic allows models to be compared and simultaneously indicates whether or not a model's estimate is statistically significant at a particular confidence level [32] [33] [34] .
The models were initially fitted according to two different situations: when the shear stress was being increased (herein called, GO) and when the shear stress was being reduced (herein called BACK). The existence of differences between the parameters of the best model from GO to BACK indicates hysteresis in the curves. When hysteresis was not significant, the model was adjusted using the complete data collection.
The individual parameters of the best model were correlated with pulp temperature and TSS by regression analysis, and only those parameters that contributed more than 1% to the variation of the independent variable were kept in the regression equation.
Results and discussion
Casson, Heinz, Bingham, Generalized Casson and MizrahiBerk models were discarded, because they presented values of determination coefficient less than 0.81. All other models met the criteria for disposal and can, therefore, be considered good models to describe the rheological behavior of Cupuassu pulp. No model was eliminated by the criterion of χ 2 < 0.02. Windhab model showed the lowest values of t at all temperatures and concentrations and was the highest rated. Under certain conditions, some of the other models showed the same value of t as Windhab Table 1 Adjusted rheological models
Model Equation Reference
Ostwald-de-Waele (power law)
Herschel and Bulkley [29] Mizrahi-Berk
Mizrahi and Berk [30] Schulmann-Haroske-Reher
Figura and Teixeira [6] Windhab
Sample insertion Bath temperature regulation In the case of 14°Brix concentration (corresponding to the pulp in nature), thixotropic behavior was observed at the three temperatures, with the model showing distinct parameters from the situation of increasing shear stress to that of decreasing shear stress, even after three cycles of the rheometer.
However, in the case of 17°Brix concentration, this thixotropic behavior was only observed at 20°C temperature, and the pulp with 25°Brix did not show any thixotropic behavior in the range of shear stresses used. These results indicate that the thixotropic behavior of Cupuassu pulp in the concentrations of 14, and 17°Brix is different from that of other thixotropic foods in which usually this behavior is broken after the second cycle [36] .
The flow behavior of a substance is strongly influenced by temperature due to changes in inter-and intramolecular interactions. This dependence is very distinct especially for high-viscous substances, and differences of 5-10% with a temperature variation of just 1°C are not unusual. For the Cupuassu, such variation presented its minimum value of 0.39% with pulp concentration of 25°B rix and shear rate of 71 s −1 and its maximum of 1.77%
per°C with pulp concentration of 14°Brix at shear rate of 348 s −1 . Therefore, shear rate temperature dependence increased with the increase in the shear rate and that an increase in temperature reduced the shear stress at a constant shear rate. It was also observed that the temperature dependence decreased with the increase in the soluble solids content. This is a classic behavior that was expected [37] , but the data found herein allowed to quantify these values which could not be found in the literature. According to Mezger [38] , the Windhab model ( Figure 3 ) produces a flow curve function with the yield point τ 0 ; the shear stress τ 1 , which leads to the "maximum shear-induced structural change" (intersection of the τ-axis which is produced at the crossover point of the tangent fitted to the flow curve in the high shear rate range); the shear rate at the point and the slope value of the flow curve at high shear rates termed η ∞ ("steadystate viscosity" which is a constant value for many foods, for instance, chocolate). Windhab model presents interesting rheological information depending on the values of its parameters, doing _ γ ¼ 0 it will be found τ ¼ τ 0 "the structural strength at rest" and with it will be found the "high-shear" range, the slope of the curve is constant, which corresponds to the "Bingham behavior". So, between τ 0 and τ 1 is the "range of shear-induced structural change" (with structural decomposition under increasing shear load, i.e. during the "upward ramp", or with structural regeneration under decreasing load, i.e. during the "downward ramp"). For shear rates greater than _ γ Ã , the material behaves like a plastic and Before making any adjustment relating the parameters of the Windhab model with the thermophysical properties of the Cupuassu pulp, a Pearson's correlation matrix was built between them, which is presented in Table 2 .
These results indicate that τ 0 and τ 1 have moderate positive correlation with specific mass, which means that it can be expected that an increase in the soluble solids content will promote increases in these parameters. τ 1 also presents weak negative correlation with thermal conductivity and thermal diffusivity. Probably, the same factor that can cause increases in these thermophysical variables (for instance, sugar content and type, temperature) will also cause increase in η 1 as described in other works that describe the relationship between flow (apparent viscosity) and thermal properties [39] [40] [41] [42] [43] . Table 3 presents parameters of the Windhab model found for Cupussu pulp at the temperatures of 20, 40 and 60°C and concentrations of 14, 17 and 25°Brix. It must be highlighted the wide range of values of the parameters τ 0 , τ 1 , which indicates the need for model adjustment in practically any specific situation. Tonon et al. [44] working with assai (Euterpe oleracea) pulp state that its particular chemical composition, rich in proteins, fibers and lipids associated with a great number of insoluble particles can result in a different type of rheological property as compared to other fruit pulps. This can also be the case of Cupuassu pulp, even though its fat and protein contents are less than those found in assai pulp, but are still greater than other common industrialized fruit pulps. The extensive range of values found for τ 0 (the structural strength at rest), varying from 0 to 20 Pa, shows that the initial flow condition is strongly dependent on pulp temperature and content of soluble solids. Other authors have encountered negative values of τ 0 and accepted them in the models. For instance, Cabral et al. [45] found negative values of τ 0 in the adjustment of the Herschel-Bulkley model to sieved Cupuassu pulp and also Ferreira et al. [13] applying the same model to whole pulp. However, the use of the statistic only without regarding physical meaning allows these adjustments. In the present case, negative values of τ 0 could lead to absurd results interpretations, such as the possibility of the pulp flow by itself or the need for application of stress in the opposite direction for the movement to begin. So, in this work, the values of τ 0 were limited to zero and positive numbers in all adjustments. Figure 4 shows the adjusted regression equation correlating τ 0 with temperature and TSS of the pulp. The correlation equation used only the natural logarithm of the temperature and the TSS, and there was no interaction between these independent variables. The equation shows that increasing the temperature for a specific value of TSS will result in a decrease in the value of τ 0 and that increasing the TSS for a specific value of temperature will result in an increase in the value of τ 0 . The rate at which TSS affects the values of τ 0 is around 10.5 times greater than the rate at which temperature affects the same parameter. So, small increases in the values of TSS will reverse the effect of a great increase in temperature. The maximum deviation between observed and predicted values using this equation was 14.19%. This deviation was for the maximum observed value of τ 0 , 8.40 Pa, which was estimated as 7.96 Pa. Akbulut [46] also observed a decrease in the values of τ 0 with temperature, and this decrease was attributed to factor such as undermining the three-dimensional gel wire produced by the pectins and nonuniformity of the particles distribution. Miquelim et al. [47] stated that the weakening in the materials structure is also probable cause for this decrease. Therefore, more studies on Cupuassu pulp structure and composition are needed in order to explain this behavior
The increase in the values of τ 0 with TSS was also observed by Duran and Costell [48] , Branco and Gasparetto [49] , Sato [50] , Ahmed et al. [8] and Wallevik [51] . This behavior was associated with the solid particles' interaction which increases as TSS increases. Figure 5 shows the regression equation correlating the values of τ 1 with temperature and TSS of the Cupuassu pulp. The resulting equation is a second-degree polynomial, and the interaction between the independent variables was included in the model. The maximum deviation between predicted and observed values using this equation was 5.15%.
The value of τ 1 represents the shear stress at which the fluid reaches complete structuring. So, the condition to reach this condition for the Cupuassu pulp depends on both temperature and TSS and also on the interaction between these variables.
The results indicate that the values of τ 1 decrease with temperature. Harnanan et al. [52] attributed this behavior to the thermal molecular expansion which increases both inter-molecular distance and force reducing molecular motion. Steffe [35] also attributed this behavior to the gelatinization of pectins. Herein, the values of τ 1 increased with the increase of the TSS until concentrations between 20 and 21°Brix, when it reaches the maximum values followed by further decreasing. The maximum estimated value was 136.36 Pa at 20°C temperature and TSS of 20.3°Brix. The values observed in the increasing phase can be attributed, probably, to the increase in pulp density. The decreasing phase can be associated with physical and chemical changes in the pulp due to the prolonged warming in the evaporator to reach the desired concentration. Vidal et al. [53] reported that warming mango pulp for a prolonged period during the concentrate manufacture can lead to formation of supernatant which can decrease particles' structuring.
The regression equation correlating the values of η 1 with temperature and TSS of the Cupuassu pulp is presented in Figure 6 . This parameter showed a very complex behavior when compared to the other model parameters, and the equation with best fit is a third-degree polynomial including the interaction between the independent variables. The maximum observed deviation between predicted and observed values using this equation was 19.12%.
It was observed that the parameter η 1 increases with the TSS until reaching a maximum value of around 15-18°Brix after which it decreases again.
Although a third degree polynomial was the best fit for the correlation of temperature and η 1 parameter such behavior is not completely fulfilled and η 1 temperature dependence is not easily explanable. It is more likely that the pulp presents an increase in the values of with the increase of the temperature up to a maximum then declining until reaching a plateau. The cubic polynomial cannot perfectly describe this level, but approach it. Hence, the softness of the end of the curve with a saddle point.
The regression equation correlating the values of _ γ Ã with temperature and TSS of the Cupuassu pulp is presented in Figure 7 . Again the equation that best fits the data is a third-degree polynomial, but there is no interaction between the independent variables. The maximum deviation between predicted and observed values found using this equation was 14.9%. It was found that a third-degree polynomial was needed to describe _ γ Ã dependence on TSS value. For terms involving temperature, only a second-degree polynomial was used. So, _ γ Ã was described in terms of temperature by a smooth parabola with a maximum value of 39.4°C. TSS increased up to a maximum value of 176.4 s −1 at 16.6°Brix and then decreased again. Therefore, although both temperature and TSS contribute to increase the time for structuring the Cupuassu pulp, the contribution of TSS was greater than that made by the temperature.
Conclusions
In this work, a model was found (Windhad model) that can describe the rheological behavior of Cupassu (T. grandiflorum) pulp in a wide range of temperatures and concentrations. It was also found the other models can describe this behavior only in a smaller range of temperatures and concentrations. Therefore, the model described in this study is more complete. In the range of temperatures and concentrations used, the values of Windhab model parameters could be obtained through regression equations ensuring that simulations of the rheological behavior of Cupussu pulp can be made from these results. . γ * = -4425.13 + 4.095x -0.051x 2 + 701.29y -35.32y 2 + 0.571y 3 r 2 = 0.97 
